ABSTRACT
Introduction
One of the determining factors for achieving significant reductions in atmospheric CO2 emissions is to intégrate the largest possible number of renewable energy sources into electrical power systems. Currently, wind farms constitute a significant percentage of the generating capacity in several countries. In Spain and Germany, wind farms surpass 20% of the total installed power, representing more than 10% of the annual electrical energy demand [1] . That has led to situations in which more than 50% of the total instantaneous demand of the electrical system has been met by wind generation [2] . In this regard, the technical operators of these electrical systems have expressed concerns about the ability of wind farms to particípate in the dynamic regulation of the network like conventional power plants do, particularly during contingencies, without compromising safety, reliability, and service quality. This concern increases with the rate of penetradon of wind generation in the system [3, 4] .
The dynamic performance requirements to be met by wind farms when facing the network contingency called "voltage sag" are especially relevant. This is due to the fact that, in certain circumstances, it has been noted that this disturbance could cause the simultaneous shutdown of large numbers of wind generators connected to the electrical system [5, 6] . For this reason, the new voltage dip ride-through capability requirements for wind farms are one of the most important changes imposed by new grid codes. As a result, many power system operators in Europe have established new operating procedures which define the characteristics of the voltage-time response that wind farms must be able to tolérate during the contingency, in terms of depth, duration and profile, and the requirements to be met regarding the exchange of active and reactive power during the disturbance [7] [8] [9] [10] [11] [12] [13] . Fig. 1 shows various voltage-time profiles set by some of these operators.
Nowadays, compliance with these requirements is verified by using simulation models for each type of wind turbine, with appropriate details to be integrated as part of the dynamic stability studies of the power system to which they are connected. Thus, the analysis of the dynamic response to voltage dips by wind turbines with Synchronous Generator and Full-power Converter technology (SGFC) is described in Refs. [14, 15] . An analysis for wind turbines with Doubly-Fed Induction Generator technology (DFIG) is described in Refs. [16, 17] for various control alternatives. A similar study for Fixed Speed Induction Generator technology (FSIG) can be foundinRefs. [18, 19] .
However, to valídate the simulation models, the wind generators must be subjected to field or laboratory tests which reproduce, as faithfully as possible, the voltage-time profile established by the different voltage dip patterns (Fig. 1) . To do this, devices capable of generating a voltage whose time profile meets these requirements are needed.
These voltage-time patterns (Fig. 1 ) begin with a steep drop from the rated valué to very low voltage levéis (25-0%). They differ in the sag duration and in the slope of the subsequent voltage recovery phases once the fault is cleared. Most of the voltage dip generators found in the literature, and analyzed in this article, can reproduce the initial abrupt voltage drop and maintain the valúes shown in the deep zone of the sag. However, they are not able to reproduce the slow voltage rise during the recovery period after fault clearance, thereby producing a rectangular-shaped voltagetime profile. Thus, as described in Ref. [20] , a voltage dip generator with a rectangular profile is presented, where the sag depth is adjustable in discrete steps by means of voltage dividers and a tapped transformen In the prototype described in Ref. [21 ] , the depth is regulated by the combined action of a controlled static switch and a controlled step-down transformen A device with similar characteristics is presented in Ref. [22] , consisting of a transformer and switchable impedances connected in series. In Ref. [23] , this regulation is performed using an autotransformer with taps. Finally, in Ref. [24] , the regulation is achieved by the combined action of an IGBT switched device with a tapped transformer.
The authors have developed two new voltage sag generators with a programmable voltage-time profile. This programmability makes it easily adaptable to most grid codes. One of these devices uses synchronous machines [25] , and the other uses an induction regulator. This paper presents the last one. A prototype of this voltage sag generator has been constructed. This prototype is fully scalable and, since it is not based on power electronics, all of its components are available at any applicable power range.
The paper is organized as foliows: Section 2 describes the constitution and operation of the proposed device. Section 3 explains the operational procedure to be followed in order to genérate a particular voltage sag time profile. Finally, Section 4 shows the results obtained using a laboratory prototype of the proposed voltage sag generator in order to experimentally valídate the actual operation of the device. The operation of all these devices is controlled by a programmable logic controller (S-PLC). The shape of the "voltage dip" to be generated can be programmed in the PLC. To follow this reference, the PLC controls the operation of the contactor set (S-CNX) and generates the angle setpoint input to the control mechanism for the shaft position regulator (SM).
Description
The device works because of the ability of the induction regulator (MA) to modify the output voltage phasor (modulus and phase) as a function of the shaft angular position (a). Fig. 3 shows the connection diagram for the induction regulator windings.
The induction voltage regulator (MA) has the same electromagnetic structure as a wound-rotor induction machine. It has two three-phase windings: one of them is placed in the rotor (RI_N, RI-N> J?3_N), and the other in the stator (Si_n, S2-22. S3-33). The wye rotor winding is wired in parallel with the power source by connecting its termináis (Ry R2, R3) to the corresponding phases (D n , Do, Do). However, the stator windings (Si-n, S2-22. S3-33) are connected in series with the respective phases of the power supply (D n , A2. Dn), behind the rotor connection points [26] . Fig. 4 shows the phasor diagram, which depicts the voltage phasors corresponding to the rotor and the stator windings for one of the phases (phase 1), when connected as described above, and for the case where both windings have the same number of turns. Two cases are represented corresponding to two different angular positions (30°, 150°) of the rotor shaft.
In this figure we note that the phase voltage output of the induction regulator (ÍÍMA-out) is the result of the vector sum of two phasors: first, the voltage phasor induced in the rotor winding (U R¡N ), and second, the voltage phasor in the corresponding stator winding (íi S]S]1 ), i.e.:
Moreover, the position of the rotor shaft (a r _ s ) sets the relative position between the rotor and stator voltage phasors. This establishes a relationship between the angular position of the shaft (a r -s) and the phase difference between the stator and rotor voltage phasors, and, thus, with the output voltage (ÍÍMA-out)-Therefore, the voltage at the output termináis of the induction regulator (ÍÍMA-out) can be expressed in terms of the input voltage (íi M A-in) and the shaft angular position (a r -s) according to:
Henee, by appropriate regulation on the shaft angular position, the desired time profile for the output voltage can be achieved. The PLC (S-PLC) generates the time profile of the intermedíate command signal for the shaft angular position (a re f)-This signal is calculated by a controller that is also implemented in the PLC, so that the output voltage follows the desired time profile for the voltage sag (v re f), as defined in the previous section. The controlled servomotor (SM) implements the regulation of the shaft position.
The system is completed with the inclusión of a contactor-based automatic connection system (S-CNX, see Fig. 2 ). This allows for the proper switching sequence needed to connect the wind generator under test to the voltage sag generator in the right conditions. It features a set of four three-phase fast contactors (KT.l-4) and two single-pole contactors (KB.l-2) that enable the system to be safely connected and disconnected during the test using hardwired programmed logic control. The chronological sequence is as follows: from the Grid 
Operational procedure
This section presents the operational procedure to be followed in order to genérate the particular voltage sag time profile corresponding to the low voltage ride-through requirements for wind generators of the grid code of the Spanish operator. Fig. 5 shows this profile [11] .
This procedure is performed in three sequential steps. The first two are completed prior to the test, and the third is where the actual test is carried out.
Initialization step
Before running the test, adjustment and calibration of the device must be completed to suit the particular conditions of the test. To do this, the S-DEC device, but not the wind generator under test, must be connected to the network. These functions include: voltage adaptation between the wind generator and the voltage regulator, identification and positioning of the initial angle of the induction regulator shaft, and characterization of the voltage profile to be generated during the test. To do this, the following operations must be performed on different subsystems: -S-CNX subsystem. No contactor is energized, they remain in the rest position. Thus, the sag generator is powered from the network but disconnected from the wind generator under test, and is therefore operating under no-load. Thus, the module is ready to execute the later switching sequence -S-ADT subsystem. The rated voltage of the wind generator and the induction regulator are adapted by adjusting the transformer tap changer. S-PLC subsystem. The induction regulator is calibrated in three steps. First, the angular positions corresponding to minimum and máximum output voltage (ÍÍMA-out) are identified. Second, the rotor is placed in the angular position a re f-o corresponding to the voltage level at the bottom of the sag (0.2 p.u., in this case). Starting from this initial reference valué, the control system will then dynamically adjust the reference during the test. Finally, the PLC is programmed with the data that define the desired time voltage profile (sag depth, intervals, recovery ramps, etc.).
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Keeping the induction regulator disconnected from the wind generator to be tested, the operation of the overall system is ar«=30° ^ (n ''V checked. Also, the voltage and angle controllers are adjusted to optimize the response of the control system so that it follows the desired voltage-time profile.
Test procedure
The following describes in detail the performance of each of the subsystems, for the periods defined along the test process depicted in Fig. 5 .
-S-CNX subsystem. Over time period "1-2", corresponding to the start of the process, this subsystem manages the switching protocol sequence of the contactors described above in order to adequately connect the wind turbine (WTG) from the network rated voltage to the sag generator voltage preset in step A. -S-DEC and S-PLC subsystems. Over time period "2-3" (500 ms), corresponding to the deep part of the voltage dip, the programmable logic controller (S-PLC) keeps the shaft angle around the starting position so as to keep the voltage at the induction regulator output constant, at around 20% its rated valué. Over the next time period, "3-4" (500 ms), corresponding to the first stage of voltage recovery after the sag, the S-PLC device regulates the output voltage of the induction regulator such that it tracks the recovery shape of the ramp voltage, from 20% up to 80% of its rated valué. During the next period, "4-5" (14 s), this system keeps track of a new ramp voltage-time recovery, from 80% to 95% of its rated valué. At this point, the test concludes. Next, the S-CNX subsystem reconnects the wind generator to the network, following a contactor switching protocol sequence similar to that described above.
Voltage dip generator laboratory scaled prototype. Results
A 5 kV A prototype of a voltage sag generator was developed to valídate the experimental operation of the proposed device. Fig. 6 shows a picture of this laboratory prototype. The main components of the voltage dip generator system can be identified as folio ws:
-An induction regulator (MA), employing a 5-kVA 400-V wound rotor asynchronous electrical machine. -A controlled servomotor for the shaft position control system, consisting of a PLC controlled 10 Nm PM motor (SM). -The voltage control system, labeled (S-PLC), handled by a PLC connected to a PC by an USB port.
The following describes the tests that were performed to valídate this prototype and discusses the results. In these tests, the voltage-time profile represented in Fig. 5 was programmed as the reference "voltage sag" signal. The "voltage dip generator" device should regúlate its output voltage to adjust to this reference signal.
Considering the type and nature of the equipment connected to the output of the dip generator device, three different kinds of test were conducted: 6 ). -Generator test: the output device is connected to an asynchronous generator system (IGG) (see Fig. 6 ).
No-load test
During this test the sag generator input is connected to the grid voltage and the output is left open circuited. The objective of this test is to check the operation of the control system and the setting of the control parameters.
The dashed line in Fig. 7 shows the rms valué of the voltage sag reference signal that was programmed into the PLC. The solid line superimposed on this signal represents the actual voltage-time response. Fig. 8 shows the time profile of the voltage waveform during the test process. Fig. 9 shows a close-up of this voltage waveform during the first 300 ms at the beginning of the voltage recovery ramp.
These results show that the generator achieves very acceptable tracking of the reference signal, although, obviously, following each abrupt change in the signal, there is a delay and an oscillation in the response. Additionally, they verify that the voltage waveform remains sinusoidal at all times.
Resistive load test
In this test, a variable resistive load is connected to the sag generator output. The purpose of this test is to observe the effect of account the wide variability of the generator operating point during the test. -Improving the design of the induction regulator so that its dynamic response is faster and the internal voltage drop is minimized. These results indícate that the action on the contactor KT.4 (see Fig. 2 ), shorting the voltage applied to the load through a small resistance immediately following the dip, reduces the effect of the delay that would otherwise result from the long time constant associated with the parameters of the induction regulator windings during the switching transient. The insertion of this resistance allows the voltage drop to be abrupt.
Moreover, it appears that the response of the system, when faced with an abrupt change in the reference voltage signal, offers an adequate compromise between overshoot and delay.
Generator test
In this test, the output of the voltage sag generator is connected to the electrical generator of a scaled fixed-speed wind generator (IGG, see Fig. 6 ). This scaled wind generator consists of a 1-kW squirrel cage induction machine driven by a controlled de motor that emulates the wind turbine behavior. Fig. 11 shows the reference signal (dashed line) for the desired rms valué of the dip generator output voltage and the trace of its actual time response (solid line) when the test is performed at the wind generator rated power.
Note the delay shown in the figure for the dynamic response of the system when confronted with steep changes in the reference voltage. This is due to the time constant introduced by the transient impedance of the asynchronous generator.
Conclusions
A new system for generating voltage dips has been presented, and its viability for testing the low voltage ride-through capability of wind generators demonstrated. Its ability to reproduce the time profile of a real voltage dip, particularly the voltage recovery ramps, is remarkable. Nevertheless, some aspeets of its performance need to be improved, and further research has to be conducted, particularly in terms of: -Developing an adaptive control system so that the response best fits the desired setpoint signal, especially taking into
